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^^f. vui^e pvntaboreiie, UjH«, i« one of the boron hydrides, a short, compara- 
tively 1'ttle studied sej-K"; of extraordinary compounds for whict; a satis- 
factory elementary valence theory is lacking In 1047 wc decided to under 
take new electron diffraction studies of the molecular structures The 
e-irly diffraction work and .;jost of the theoretical disciissio" *'?H He*>r. too 
much influenced (it now seems) by tmforcur.r.te analogies to ordinary 
valence compounds, and it had become reasonably cicur that at least the 
old. ethanc-J'ke structuit for diborane vas incorrect md that a bridge 
structure (1) was more likely.    It; the case of B»Hi, also, the structure from 
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the previous dittraction study'- wiu .!oi in v^tu^Utc u^rcc^cr! ""fi the 
appearance of the photographs, one of which was available to us. The 
bridge structure of diborane has now been well established,* the crystal 
structure of decahorane (P:cH:«) has been determined 8 and the B»H« 
Structure has been determined, both from the gas diffraction pattern in the 
work here to be described * and from an x-iay study of the cry slid by Dul- 
magc and Lipscomb.* The most impressive attempt i>t a theory of the 
compositions and structures, however—Pitzer's protonated double bond 
theory,* which based the slmcturcs of all the boron hydrides on diborane 
bridges and on some p!au«ibly assumed conjugt ion properties of these 
bridges—has been a casualty: each of the new boron hydride structures has 
shown little over-al! relation to the previous ones and neither involves 
the diborane bridge. 

The Structure Determination.—The method used has been outlined in 
recent reports from this laboratory.* 

New photographs were taken with samples kindly provided by Professor 
H. I. Schlesinger of the University of Chicago and by Doctor I. Shapiro 
of the Naval Ordnance Test Station, Pasadena. Tl»e camera distance wa» 
10.94 cm and the electron wpvc-length 0.0608 A. Independent visual 
interpretations of the photographs were made by two observers (see Fig. 1). 

The radial distribution curves, showing only two strong peaks, at 1.74 A. 
(B—B) and 2.57 A. (B B and B- • -H), exclude both the s':«?ct.jre ad- 
vocated in the original study1 (II) and that proposed by Pitzer* (III): 

Sf 



ise aiEMIjrR)    HKDHhku.  JOSES   AMI   SCHOMAKVR    »'><''<   N  A  5. 

I' 
b 

n,n B-BH, 

H 
i 

II H H 
/ v 

/ 
!! H 

II H   H llil 
B ..   _ B 

/ \ 
II 

fill) 
H 

B 
H, 

Ci; 

II would rcqutt' signif.eant B- - 11 interactions at 1.74 \/- "- 2.4H A. and 
at '). X 1.74 sin KCi:' 'j. - .'1.22 A at leas: if it were normally rigid, and III 
ai an average of 2 X 1.7 I sin 10N° 2 <• 2.N'.' A. (The original specifJcut:cT. 
of III would ;.ls:< r.Minirt the 1.74 -Y. peak to be obviously doubled.) The 
rndiol distribution curves did not lead directly to the structure, mainly 
because neither the relative arens of the widely *^parated main peaks nor 
the indicated absence of minor interactions outside them could be relied 
upon. 

Nevertheless, the radial distribution information provided u starting 
point for a move detailed analysis of the visual curves themselves This 
analysis first showed that the observed doubled character of maximum &-10 
requires two groups of B— B interactions, of about equal weight, separated 
by 0.11 ± 0.01 A. Even then, the outer part of the observed intensity 
curve, including max. 9-10, could not be reproduced without st/erely 
restricting the distribution of weights and distances within the 2.57 A. 
radial distribution peak, either by making the distribution essentially 
continuous (corresponding to severe "tc-mpcra'ure" factors) or in other 
ways which, given the B — B split, were fairly obvious. Finally, when this 
was done on the assumption that the 2.57 A. peak WAS due mainly to rigid 
B- • B interactions, it appeared that the B—H terras were probably also 
split, by about 0.15 A. into two groups of about equal weight. Corre- 
sponding to this distance information three unsyrametrical arrangements of 
the boron atoms, a puckered five-membeicd ring, a dimethylcyclopropane- 
like arrangement, and an ethylcyclopropanc-ltkc arrangement, all actually 
rather closely similar, were found. 

Before constructing and testing actual model; bused on these arrange- 
ments of boron atoms (the theoretical intensity curves already calculated 
lacked the B • • • H terms), we decided to re-examine the tctrago.-aJ pyramid 
arrangement, which had been considered but rejected in the original dif- 
fraction study, had more recently been further advocated by Pauling,* 
and, unlike our unsymmetriod arrangements, was in element with rr 
cent indications of high symmetry from spectroscopic* and calorimetric10 

data. The 2.57 A. peak now had to be attributed mainly to B- • H rather 
than B B interactions, contrary to our previous assumption," but with 
the help of the previous analysis a suitable disjxisition <-f hydrogen atoms 
was readily found (Fig. 2} and a!! others of full symmetry •'€<.) were ten- 
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Electron diffraction curves    The theori-timl intensity curves are fof the following 
pyramidal models: 

Cc»v«« B--IL, /B—U... II       II     !•'•> II -H •pin -ll.ll.H, 
'MS'CUl dlMcdTM 
<  II IM* H.H.II, 

A 1 275,1 740 0 100 (1  150 00" ISO* 
H 1 275/1 745 0 110 0  150 •irr !*f 
C 1 Z76/1 740 I)   100 1) 050 00* 180* 
:> 1 276/1 740 o lot) 0 250 •M)° 180' 
K 1 225/1  74() (1   11)0 0 150 80 • '• 90 * 
A 1 335.1 740 (1   lim n  15il L1I 180c 

C I 275/1 740 0  100 0  ISO 115° 180' 
II 1 27o/l 740 0 100 0.160 lis- 190' 
1 1  27;V|  740 II  1011 II 150 ts' !(*>• 
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tarjvsly climirited The new structure, with the flt Bj and B, --H, 
distances the lo'-.gcr il llteii lesjKxtivr kinds, sremed plausible and met 
w-th immediate success. 

All except ••' I! terms were included f"-r the thenrcti--' intensity c<:rves. The 
coeftiririits a,, of ;' . Iviupern'ur- factors >x|i' - n.,q') were teken as O.OOOtti for Hi -Hi 
.1.1! !!•     II), .. !2X)23 tut R:   -I",   (HKXK*! fm   H I), nn'i xr.ro otherwise, ai  loc  diho- 
ranc,** mul (hf effective value 1 ?'> wpv used i- /.» Of 1 he selection of curves shown 
m Fiji 1. C, H, and ' nr. -,. c-ptohlt, A . ti, «n:I 0 "1 doubtful, and /?. £, and f arc un 
acceptable Important items (f>r this* corn u «•:•• .-re ih»- depih of min. 4, the shape 
•>l double; 4.5. the relative inirnsiiit-:. • f m:mmu 6, ", X. :ui<' u. the sharn- ;f max. 7- 
min. S. aud the tx>.:(ipn and xi,;oi- of donl.-Uf fi-"< i"~r the 'icsi cut vex thv only point 
of substantial diMuifrwiiK-.it concerns the heights of the lir.t three muni maxima; it is 
almost inconsequential for the punnirtcr determination and probably arises from an 
underestimate, such as could he expected, of the height ol the broad inner max  1-2. 

Iii terms of B B„. =• 1.740 A. the best :;hapc parameter values und 
estini«\tcd limits of error, together with the ranges for which intensity 
curves were calculated, are: B—H,,., 1.288 ± 0.044 A. (1.22 1.35 A); 

S—Il^iii. 0.12."iO.G90 A. f0.0.'»-0..w A.i; B—B.P1„, O.iOo ± O.OiO A. 
ro.00-0.12A); Z B, -B.--H,, 120 ± 20° (KV123°);wd external dihedral 
angle B,BiBrB,B,Hi. 187 ± 10J (165-200°). all for the assumed Ct. sym- 
metry. These values and the values of (jo»i,./$ob..)»T. (see table 
1 foi un example) lead to the following result: for the bond lengths: 
B,—B,, 1.700 .-r 0.017 A.; B.-B,, 1.805 * 0.014 A.; B,—H, and Br—H,. 
1.234 * 0.066 A. (B,—H, - Br~H,assumed); and Br-ili. 1.359 ± 0.077 A. 

The limits of error are conservative except that no allowance has been made for the 
possible effects on the angle determinations of our rough assumption that the previous 
guess for 01 . .*• in diborapr should apply to BiH(, for all the differeat B • • • H tetms. 
The concentration of all the B - II distances within the 2.57 A. p.-Js. mokes the ques- 
tion of interaction >>etweec temperature factor and distance parameters more serious 
than usual, but the boron parameters and probably the B—H distances should not be 
much affected, since they at • determined lately by the outer part of the pattern, where 
the B • - H contribution is in any case >>nuil! It may be noted that the crystal* and ga* 
values for the bond angles and hood length- In B,H, are in good agreement except for the 
B -B lengths, for which the crystal values (1.<V» ± 0.02 A. a-.d 1.77 ± 0.02 A.)are 
shorter than ours by possibly significant amoui.U compared to the limits of error. Our 
B—B lengths, however, Te In good agreement with the preliminary results 1.00 A and 
1.80 A. of a recent microwave investigation," from which none ot Ibe other parameter 
values have yet been reported. 

The x-ray confirmation of the structure type, which was communicated to 
us during our parameter determination, made unnecessary any further 
study of other possibilities, including the unsymmctrical ones described 
above. The high over-all symmetry and especially the &, skeletal sym- 
metry have also been confirmed by the microwKve investigation." 

Discussion.—The B»H| structure hos high ligancies, two for the bridge 
hydrogen atoms, five for ilit apical boron atom, and six for the basal boron 
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atoms, in agreement with the principle': that electron deficiency gives rise 
to structures showing ligancies in excess of the respective numbers of suit- 
able atomic u»5iitals For the count of ligands, we take th<- direct B—B 
interaction of a bridge txmd as hor.dij.g, although the related B- • U inter- 
action in diborane is of***.*1 regarded as not ftonding. We believe our tu^ur:;- 
tion is the more likely one in view of the comparatively short B—B 
distance. It ai?- makes the liganciea of hydrogen and boron i:: the boron 
hydrides and other high-ligtmcy compounds of boron more uniformly 
consistent with th. high-Hganey principle, and is the natural assumption 
to make if these compounds are toberela* ?d '•• ordinary covalent compounds 
in terms of resonance, following Pauling's iliscussion of the metals. '* Paul- 
ing's relation r. •» r, — 0.300 logio « yields an attractive correlation of the 
actuaily very widely varying bond distances," as well as inferences about 
certrdn other aspect , c' the structure:?. For example, the boron radiuj 
which would be exactly i ompatible with 
the bond distances of our preliminary 
,..„,—> c— n u   :. n "fir.  I     :_   n—< 

3 
FIGURB   i. 

The IM't structure. 

agreement with the average 0.794 A. ob- 
tained from all these compounds. 

The basal boron atoms of B»H( and 
the apical boron atoms of B,oHu form 
just the same set of bonds; similarly, 
the apical boron atoms of B»Ht resemble 
the boron atoms of the calcium boride 
structure in an octahedron arrangement 
except for replacement of external B by 
H. As King and Lipscomb pointed 
out,w moreover, the whole B»H, struc- 
ture is related to the calcium boride 
structure in almost precisely the same way as the Pm-Hu structure is 
related to the boron carbide structure." vVe may add that tr basal 
boron atoms of Bs!i» and all the boron atoms of drcaborane, as >veU ss 
the boron atoms of boron carbide and the icosahedron atoms of ele- 
mentary boron (in the modification of known structure"), all have six 
Uganda in the icosahedron arrangement, with bond angles approximating 
the ideal values of 60°, 108°, and 121*/4° about as well as would seem pos- 
sible under the constraints imposed by differing bond lengths and incompat- 
ible over-all symmetries.'• Accordingly, it seems reasonable to suggest 
that these structures all reflect a strong tendency for eexiligated boron to 
adopt approximately the ideal icosahedion arrangement. 

The occurrence of the icosahedron and octahedron arrangements is 
remarkable because thsy are uotably anisotropic, in violation of what 
might be expecicd to result from the spl (and *£', for the hydrides) hybrid 
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orhil.ds mi which the Ixwding is presumably :::.;mly based and because 
there is surely r.u luck < •! more conven'iona! alternatives, i-'or elementary 
horn, lor »vampi , ouiinary octahedral coordin«.'''Y"i in the simple cubic 
structure would seem suitable, especially in view of its '"rcjuciit ocnij-rwice 
tu cor.i^itA .-.tructures for other atom* A'hicli art rpj.irded ;::: fanning <rix 
half-bonds.*0 To t>e sure, the icosahedron and octahedron yrrangeincms 
would seem less anisotropic if the extern i! bonds were stronger than the 
internal bonds, us indeed is th<' general indication tor H»H» and decaborane. 
I-'or the bi'sal Iwon atoms of B»H», tor example, the bridge B H, bridge 
H—H, and slant B••- B bonds have U;<: restrictive Pauling bond numbers 
0.41), 0.45, and 0.67, with a total of 2.49, or only about thr^e times the bond 
number 0.77 of the B— H external bond.11    But lor 'oo;.>ri Cut bide, CIP- 

i*Hl.K   I 

COMPAIHONS or ObSRRVbii AM> CALCULATBH POSITIONS OP MAXIMA AND MINIMA re; 
M'.DKI. H 

  "'" '?     *   1t*U   ! w>»   

.'*<•. MAX. mtu. MAX. Mf.N. MAX. MSN MAX. Mill 

1 11.19 7.70 10 89 8.08 (o 956) (0 979) (0.083) (0.943) 
2 16.41 13.31 17.31 13.88 (1.012) (0 939) (0.059) (0.901) 
a 26.00 20.47 26 34 21.03 1.012 !02! 0.998 0.994 
4 33 87 29.70 33 33 29 77 (1.028*) \:m (1.041) 1 021 
8 38.51! 36.41 39.00 38.42 (0.971) (1011) (0 043) (0.083) 
1 48.70 43 40 48 59 43 62 1.008 0.999 1 011 0 996 
7 69.51 S3 53 00  15 54 25 1 (XX) 1.014 0 991 1.007 
8 72 00 06 95 71 87 W til 0.098 1.004 1   (K,'.» 1.009 
y 83 29 78 03 82 23 70.60 (0 984) 0.99) (0.997) 1.013 

10 90.07 80 50 8«97 85 67 (0 989) 0.961 (0.991) 1.002 
11 03.23 ei.w 0 992 1.007 

Average, 12 features          1 0047 !  0048 
Average deviation 0.009 0.007 

mentary boron, and calcium boride there is no definite indication one way 
or the other. Altogether, a proper understanding of the details of the 
bonding is lacking. 

Nevertheless, it seems unlikely that the immediate bond arrangement in 
these structures is superior. Instead, the essential point may be that they 
illow an increase in Hganey without a corresponding increase (or even with 
a decrease) in the number and severity of close non-bond interactions: 
compare, for example, the joined ic\>sahedron unit of the boron and boron 
carbide structures with the simple cubic structure. In the latter, each 
atom has twelve next-nearest neighbors related to it by 90° bond angles, 
whereas die icosahedron atom has only five internal next-nearest neighbors 
at 108° and five external next-nearest neighbor* at 122°. This strongly 
surtrests that the ntxt-ncarpst interactions arc repulsive and  important 

I   „  
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aii! that the hifjh ligancy principle should lie f vised to say that the high 
'igaiu'tivj tend to be nchieved in siu-h <\ w^y -is lo minimize the numbers and 
mRxin-v,- :1K distances of next-nearest neighbors, even if the resulting bond 
arii.i,^. oieius wot;!' appeal by standards ol ordinary covalcncc to !«• un 
duly sfn.iiKii Jt ' \;. • also account for the lack of apparent exlia strength 
of tin. txlcnal bonus '.vhere »m> octahedra or two icosahedra arc joined: 
for the icosahedron, again, each external bond would be opposed [princi- 
pally by ten next-nearest interactions at 122" and ten second -nearest in 
teractions (assuming til** staggered orientation of groups aboui iiit external 
bond) of the type 

B- 

V 
II 

- D 

whereas ecch internal bond is opposed (a full counting shows) by only one 
internal next-nearest interaction at \0H~, two external next-nearest interac- 
tions at 122°, and one exteniul interaction of the type 

B B 
\ / 

B B 

in the opposed orientation. The present situation is evidently related to 
the cases of cyclopropane and cyclobutane," where the energy and C—C 
bond length in eyclobutane arc both greater than normal, apparently 
!>ecau$e of cross ring repulsion, while in cytiopropanc, in which the repul- 
sion is avoided by formation of the three-membered ring, the bond length 
is less than norms' and the energy still greater than normal, both apparently 
in consequence of the angle strain. In the high-ligancy boron compounds 
the relationships are no doubt different, especially because of the compli- 
cated resonance situation; nevertheless, the importance of next-nearest 
neighbor repulsions seems to be verified and there is the additional indica- 
tion that angle-strain sliortenir.p; oi the internal bonds may also occur. 
For the calcium bonde st- uctnre, of course, the role of Ihe metal atoms 
has also to be considered. 

We should like to express our thanks to Professor Pauling for his con 
i miied helpful interest in the investigation. 

* Contribution No 1711. This work was supported in part by the Office of .Yaval Re- 
search under Confrsol V6-onr-24423 
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